Transient kinetic studies of Mg2+-dependent heavy-meromyosin ATPase (adenosine triphosphatase) were done by monitoring the release of both ADP and Pi into the reaction medium by using linked assay systems. The release of Pi was monitored by its quantitative transfer to ADP, with concomitant reduction of NAD+ in the presence of D-glyceraldehyde 3-phosphate, D-glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase. The dissociation rates of the products, ADP and Pi, from heavy meromyosin were shown to be faster than the rate-controlling process, which occurs after the initial bond cleavage of ATP. The chromophoric ATP analogue, 6-mercapto-9-f-D-ribofuranosylpurine 5'-triphosphate (thioATP) was used as a substrate and spectral changes associated with a single turnover of heavy meromyosin could be assigned to elementary processes ofthe mechanism. It was shown that the dissociation rate ofthioADP was not the rate-controlling process of the thioATPase, whose catalytic-centre activity was 7.6 times that of the ATPase at pH8. The dissociation rate of ADP from heavy meromyosin was measured by using thioATP as displacing agent and was found to be 2.3 s-1, which is about 50 times the catalytic-centre activity of the ATPase at pH8. Transient kinetic studies with chromophoric adenosine phosphate analogues have general application for kinases and ATPases both in characterizing the chemical states of the intermediates and in delineating the elementary processes of the enzyme mechanism.
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The elucidation of the mechanism of the actinactivated Mg2+-dependent ATPase* of myosin is essential for understanding the dynamics of the contractile system at the molecular level. Both transient and steady-state kinetic methods have been used to analyse the ATPase of myosin and its proteolytic subfragments (Eisenberg & Moos, 1970; , and references therein). The experiments described below were designed to obtain more direct insight into this mechanism by using two different approaches. First, the rates of release of ADP and Pi produced from ATP during the first turnover of the heavy-meromyosin Mg2+-dependent ATPase were compared with the lower limit of the dissociation rates of ADP and Pi from heavy meromyosin by using linked assay systems. The actinactivated ATPase is too rapid to be studied by this method. As a second approach, single turnovers *Abbreviations: ATPase, adenosine triphosphatase; thioATP, 6-mercapto-9-p-D-ribofuranosylpurine 5'-triphosphate. Vol. 126 of heavy meromyosin have been examined by using the chromophoric ATP analogue, thioATP, whose potential for analysing many aspects of the actomyosin system has been described (Murphy & Morales, 1970; Tokiwa & Morales, 1971 Heavy meromyosin. Myosin was extracted from rabbit back and leg muscles and tryptic heavy merow myosin was prepared as described previously . The heavy meromyosin was concentrated by precipitation with ammonium sulphate at 55% saturation, and the precipitate was dissolved in dithiothreitol (0.1 mM) and triethanolamine (200mM) adjusted to pH 8.0 with HCl. Ammonium sulphate was removed by chromatography on Sephadex G-50 (coarse grade) with thesame pH 8.0 buffer. The overall yield ofheavy meromyosin from myosin was 20-30 %. Protein concentrations were determined by using EIj5 = 6.47cm-' (Young et al., 1965) , and small corrections for light-scattering made by measuring the extinction at wavelengths up to 400nm and extrapolating back to 280nm. Molar concentrations of subfragment 1 heads are quoted as ,uM-sites alongside the concentrations (mg/ml) of heavy meromyosin on the basis that each heavy meromyosin molecule (mol.wt. 340000) contains two subfragment 1 heads . Glass-distilled water was used throughout, and heavy meromyosin solutions always had dithiothreitol present.
Sources of enzymes. Pyruvate kinase from rabbit muscle was prepared by the method of Tietz & Ochoa (1962) . Phosphoglycerate kinase from yeast (Scopes, 1971) and lactate dehydrogenase from pig muscle (Stinson & Gutfreund, 1971) were given by Dr. R. A. Stinson. Hexokinase and glucose 6-phosphate dehydrogenase were obtained from C. F. Boehringer und Soehne G.m.b.H. (Mannheim, Germany). D-Glyceraldehyde 3-phosphate dehydrogenase' from pig muscle (given by Miss P. J. Harrigan) was prepared by repeated crystallizations from EDTA (5mM), thioglycollic acid (5mM) and ammonium sulphate, and chromatography on Sephadex G-75 to remove traces of haemoglobin and myoglobin. NAD+ (1 mM) was present for the final crystallization. The enzyme catalysed the reduction of 170,mol of NAD+/min per mg measured by the assay system described by Trentham (1971a) . For the phosphate assay experiments the crystalline enzyme was dissolved'in EDTA (5mM) at pH7.0 and chromatographed in this solvent on Sephadex G-25 (fine grade) to remove ammonium sulphate and thioglycollic acid. The pig muscle enzyme was particularly suitable for the P1 assay since the essential thiol group appeared to be less susceptible to oxidation than other sources of the dehydrogenase so that the assays could be performed in the absence of a protecting thiol that might possibly form an adduct with Dglyceraldehyde 3-phosphate, which was also a reagent of the phosphate assay medium.
Reagents 6-Mercapto -9 --D -ribofuranosylpurine 5'-triphosphate -(thioATP). The monophosphate was obtained from Sigma Chemical Co. (St Louis, Mo., U.S.A.). It was also prepared from the parent nucleoside by the method used for formycin 5'-phosphate synthesis except that the acid treatment was done under reflux at pH3.4 instead of pH2 (Ward et al., 1969b) , and purified on DEAE-cellulose [conditions described by for thioATP synthesis; method 2]. The triphosphate was prepared by both methods described by ; in each case the DEAE-cellulose column was used for purification. After removal of HCO3-by repeated evaporation thioATP was stored frozen at -15°C. ThioATP was assayed from the extinction change at 340nm when NADP+ was reduced in the presence of glucose, hexokinase and glucose 6-phosphate dehydrogenase, and from its absorption spectrum. In a high-voltage electrophoresis system at pH 3.5 (pyridine acetate buffer) it appeared as a single spot when the supporting medium (Whatman no. 1 paper) was sprayed for phosphate (Brooks et al., 1959) and cis-diol (Baddiley et al., 1956 ). Electrophoresis at pH9.2 (borate buffer) showed the absence of any 2'-or 3'-phosphate substitution. The concentration recorded in the experiments was measured from NADP+ reduction and was 93 % of that determined by the absorption measurement. Our control experiments together with Murphy & Morales' (1970) Spectroscopic methods with the stopped-flow apparatus were described by Trentham (1971a) . Reactions were studied at room temperature (21 ±20C) with careful control of temperature when relative rates were measured (see, e.g., Figs. 7a and 7b). For the Pi-release experiments (Figs. 2a, 2b and 2c) the syringe containing the Pi assay medium had 5.5 times the cross-sectional area of the other syringe. This was to forestall possible effects caused by large concentration changes in the assay system, but subsequent experiments showed that these precautions were unnecessary and the experiments can be performed equally well with syringes of equal diameter. In the legends to the figures and the text the reagent concentrations recorded are those of the reaction chamber except where otherwise stated. The 100% transmission line does not in general reflect the transmission of the solutions before mixing.
E340 of 6.22mw-' -cm-' was used for NADH and NADPH (Horecker & Kornberg, 1948) .
Results and Discussion
Transient kinetics studied by linked assay systems Production of free ADP was followed spectrophotometrically from the oxidation of NADH in a solution containing NADH, phosphoenolpyruvate, Mg2+, pyruvate kinase and lactate dehydrogenase. Production of free Pi was measured from the reduction of NAD+ in a solution containing NAD+, D-glyceraldehyde 3-phosphate, ADP, D-glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase. The difficulty in operating these linked assay systems for transient kinetic studies is that the rates of disappearance or formation of NADH are slow compared with the maximum turnover rates of the linking enzymes because of the high Km values of some of the substrates, in particular pyruvate in the first system (Pesce et al., 1964; Stinson & Gutfreund, 1971) and Pi in the second (Furfine & Velick, 1965) . The ADP assay system has been described (Imamura et al., 1966) . The Pi assay system for transient kinetic studies is novel. The equations describing these linked assays are:
Quantitative conversion (>99%Y.) of NAD+ into NADH occurred when portions of Pi were added to the linked assay system (Fig. 1 ). There are two requirements for the P1 linked assay system in studying the first turnover of the ATPase; it must be sensitive to Pi when [P]< [heavy meromyosin sites] and at these low Pi concentrations it must be capable of monitoring Pi production more rapidly than the turnover rate of heavy meromyosin. The two factors that limited the rate of NADH production were the D-glyceraldehyde 3-phosphate dehydrogenase and D-glyceraldehyde 3-phosphate concentrations. High concentrations of D-glyceraldehyde 3-phosphate are needed, first to displace the overall equilibrium favourably and secondly because only 4% of Dglyceraldehyde 3-phosphate is in the catalytically active aldehyde form and the dehydration of the inactive diol to the aldehyde is a relatively slow process (Trentham et al., 1969) . Fig. 2(a) shows the rate of NADH production when 10LM-P1 was added to the assay system.
When heavy meromyosin (10tM-sites) was mixed with the phosphate assay medium and about 50,UM-ATP (generated as a result of Pi contamination in the reagents), no rapid transient phase of Pi release was observed (Fig. 2b) . In a control experiment a pool of 10pM-Pi was generated by incubating heavy meromyosin with 1lOjM-ATP and this solution was then mixed with the assay medium.
As expected, the presence of free Pi led to rapid NADH production, followed by the steady-state rate (Fig. 2c, Table 1 ). Thus Fig. 2(b) shows that the rate-determining process of the Mg2"-dependent ATPase of heavy meromyosin is either a process before P1 release in the reaction pathway or P1 release itself (experiments described below exclude the latter possibility) and that this rate-determining step cannot be determined solely by ADP dissociation from an ADP-heavy meromyosin complex.
Quantitative conversion of NADH into NAD+ is well established for the ADP assay system. Fig. 3(a) shows that the rate of NADH disappearance is sufficiently rapid to fulfil the requirements outlined for the linked assay system. When heavy meromyosin was mixed with the assay medium and ATP no rapid transient phase was observed (Fig. 3b) (Fig. 2b) . In control experiments ADP (either added as free ADP or generated in situ from ATP) and an excess of heavy meromyosin were mixed with the assay system. In both cases the presence of ADP led to rapid NADH disappearance followed by the steady-state rate (Fig. 3c, Table 1 ). Repeating these experiments in the presence of 1 mM-Pi gave identical reaction profiles for NADH disappearance which, together with the lack of Pi inhibition of the ATPase activity, shows that PI dissociation is not the rate-limiting process.
Comparison of Figs. 3(b) and 3(c) shows that the amplitude of the transient phase in the presence of heavy meromyosin is 80% of the amplitude in its absence. (The amplitude of the transient phase is the extinction difference between the observed trace and the steady-state part of the trace, both extrapolated back to zero time.) Thus at least 80% of the ADP is available for rapid utilization by the assay system. In fact, since the initial rate is only 10 times the steadystate rate, more than 80% of the ADP is available, although the exact amount cannot be calculated because it depends upon a precise description of the kinetic model (Gutfreund, 1965; Trentham, 1971b) . Equilibrium binding studies suggest that less than 30 % of the ADP is free in solution under these conditions (Morita, 1967; Lowey & Luck, 1969 ). There- Eisenberg & Moos (1970) respectively. Catalytic-centre activities in rows 1, 3, 4, 5 and 6 are calculated on the basis that both subfragment 1 heads per heavy meromyosin molecule (mol.wt. 340000) are simultaneously active (Tokiwa & Morales, 1971; Spudich & Watt, 1971) . These values should be doubled if only one site per molecule of heavy meromyosin is active at any instant. In row 2 the catalytic-centre activity is calculated from the initial ADP concentration, since it is less than the heavy meromyosin concentration. Since not all the nucleotide will exist as a complex with heavy meromyosin in the steady state (a small fraction will be free in solution or in a complex with pyruvate kinase), this value will tend to be a lower limit. In rows 7 and 8 the catalytic-centre activities are calculated from the exponential decay rates. The catalytic-centre activity of heavy-meromyosin Mg2+-dependent ATPase varies with reaction medium and temperature so that some variation in the activities tabulated is to be expected. and demonstrated by using proteolytic enzymes (Barman & Gutfreund, 1966) .
For heavy meromyosin the purine moiety of the substrate provides scope for introducing the chromophore. With absorption optics the largest and most readily monitored signals are likely to be introduced when a purine moiety contains an ionizing group with pK near neutrality in which the absorption band of either the acid or its conjugate base has its maximum clear of the protein absorption band at greater than 300nm. One such analogue is 6-mercapto-9-,B-ribofuranosylpurine and transient kinetic studies of the heavy-meromyosin Mg2+-dependent ATPase were done by using 6-mercapto-9-,-ribofuranosylpurine 5'-triphosphate (thioATP) and the 5'-diphosphate (thioADP). ThioATP causes contraction of both myofibrils and glycerinated muscle fibres; it interacts with myosin under mild oxidizing conditions and is postulated to form a unique disulphide bridge between each myosin subfragment 1 head and the adenosine analogue (Murphy & Morales, 1970) .
Since thioADP is a substrate for pyruvate kinase the Km for thioATP at pH8 to heavy meromyosin could be measured and was 5.7.M (Fig. 4) . The catalytic-centre activity of the Mg2+-dependent heavy-meromyosin thioATPase was 0.44s-f and of the ATPase was 0.058 s-1 in identical assay conditions, assuming that all the myosin subfragment 1 heads had simultaneously active sites.
Extinction coefficient changes of the order of 104M-1 -cm-' at 330nm are associated with the ionization at pK8.1 on the purine moiety of thioATP (eqn. 1). The half-time of this extinction change at pH 8 was shown to be less than the time-resolution of the stopped-flow machine (dead time 3 ms).
When thioATP was mixed with an excess of heavymeromyosin active sites, the reaction profile displayed many notable features (Fig. 5) . The profile was in two distinct exponential phases, which were well resolved. The observed rate constants for the two phases were 1972 One syringe contained thioATP (15/tsM; reactionchamber concentrations) and the other heavy meromyosin (3.9mg/ml, 23,uM-sites) [HMM-ATPase] and both syringes contained MgC12 (10mM) and triethanolamine (100mM) adjusted to pH7.9 with HCI. 7.25 s-and 0.44s-1 and the latter can be equated with the catalytic-centre activity measured previously (Fig. 4) . The fast phase probably corresponds to the rapid ATP bond-breaking step measured in a quenchflow apparatus by . Careful extinction measurements were made to see if there was an even more rapid extinction change that occurred during the time for mixing thioATP and heavy meromyosin, but within the sensitivity of the measurements no rapid change was detected. However, the extinction difference at the beginning and end of the reaction profile could be assigned to the difference between the thioADP bound to the protein and free in solution.
When an excess of thioATP was mixed with heavy meromyosin, the reaction profile showed a similar rapid phase to yield the steady-state complex. While in the steady state the absorption remained constant and at a maximum until nearly all the thioATP was hydrolysed.
The rate of thioADP release from the thioADPheavy meromyosin complex was compared with the catalytic centre activity of the Mg2+-dependent thioATPase by monitoring the spectral change when either thioADP or the steady-state intermediate of Vol. 126 the thioATPase reaction was displaced by a large excess of ATP. This is possible because the reaction of ATP with heavy meromyosin is rapid with a maximum rate of phosphate bond cleavage greater than 125 s-' . ThioADP was displaced with an observed rate constant of 1.31 s-I (Fig. 6a) (Fig. 6b) . The catalytic centre activity obtained from the rate of this spectral change was 0.55s- (Table 1) . These experiments suggest that thioADP is released from heavy meromyosin at about three times the turnover rate of the Mg2+-dependent thioATPase. [The process illustrated in Fig. 6(b) is unlikely to correspond to the rate of the reversal of the thioADP-Pi-heavy meromyosin complex to thioATP since this process is only very slowly reversible for ATP (Levy & Koshland, 1959; Sartorelli et al., 1966) .]
A further approach to studying the rate of ADP displacement from its complex with heavy meromyosin is to monitor the spectral change when thioATP reacts with this binary complex. The rate of formation of the thioATP-heavy meromyosin steady-state intermediate was 2.3 s-in the presence of 50p,M-ADP (which was therefore 100/LM when preincubated with heavy meromyosin before mixing) and 28 s-5 in the absence of ADP (Fig. 7) , indicating that the dissociation rate for ADP is >2.3 s-1. A spectrophotometric record similar to Fig. 7(a) was obtained if the ADP was generated in situ from ATP, showing that the turnover of the ATPase had no effect. When 500,bM-ADP was used instead of 5O0tM, the rate of the spectral change was decreased by only 40%. This suggests that under these conditions ADP, once displaced from heavy meromyosin, did not compete effectively with thioATP for heavy meromyosin and therefore the rate of the spectral change (Fig. 7a) (Nichol et al., 1964) . Moreover, other of their experiments suggested that ADP produced by catalytic hydrolysis of ATP was apparently being released more slowly than the turnover rate.
Conclusions
The transient kinetic experiments by Taylor and his co-workers , and references therein) provide an excellent framework for deducing the mechanism of heavy-meromyosin ATPase action and ultimately relating this enzyme mechanism to the molecular events in muscle contraction. ; k+3, 0.04s-1; k+5, 2.3s-1.
It is stressed that the estimate of k+5 is based on a single type of experiment, and analysis by other methods (e.g. relaxation techniques, use of other chromophoric reagents) is required before this rate constant can be confidently accepted. The transient experiments described here and the lack of recorded inhibition by Pi of ATPase action suggest that k+4 is rapid. The reverse rate constants should be susceptible to analysis by rapid-reaction and isotopeexchange techniques but in the chemical bond-breaking/conformation-change steps they are likely to be much less than the forward rate constants. Whether the process involved in the E* * ADP Pi-to-E-ADP.Pi transformation is covalent-bond breaking and/or conformation change is not clear. If it is the latter, one process of the mechanism must generate the E* conformation. Morita's (1967) spectral data suggest that this could be identified with the E ATP-to-E* ADP Pi transformation.
If this mechanism for the Mg2+-dependent heavymeromyosin ATPase is correct, then, in the relaxed state of muscle, where the ATP concentration is 3 orders of magnitude greater than the Km of ATP, the predominant form of myosin must be E*-ADP. P1 and the turnover rate of the ATPase k+3. The question therefore arises whether bond cleavage is required to produce the relaxed state as characterized by the X-ray-diffraction patterns (Huxley, 1969) , since the binding of ATP alone is sufficient to dissociate actomyosin (Lymn & Taylor, 1971; Yount et al., 1971) . Further kinetic and X-ray studies with for example 5'-adenylyl imidodiphosphate (Yount et al., 1971 ) are required to answer this question. It is noteworthy that actin activation appears to accelerate at least two processes of the myosin ATPase, since the rate of the actin-activated Mg2`-dependent ATPase (Table 1) is greater than both k+3 and k+s.
The fact that a spectral change is induced by the thioADP-heavy meromyosin interaction, which perhaps parallels that observed when ADP and heavy meromyosin are mixed (Morita, 1967) , suggests that this interaction is important, as is shown by the capacity of ADP to promote oxygen exchange between Pi and water in the presence of heavy meromyosin (Swanson & Yount, 1965) .
The transient kinetic approach provides a method for analysing the mechanism of kinases and ATPases, in particular the actin-activated ATPase of myosin. In addition to elucidation of the elementary processes, characterization of the chemical states of the intermediates is possible, which will reflect the protein structure. It is likely that 2-amino-6-mercapto-9-flribofuranosylpurine analogues will be particularly useful in this respect, since the absorption band is well removed from that of protein (Fox et al., 1958) and they should quench protein fluorescence. The fluorescent properties of various adenosine analogues that are suitable for such studies have been described (Ward et al., 1969a) .
